ABSTRACT In this paper, a new class of shielded half-mode substrate integrated waveguide (SD-HMSIW) and shielded quarter-mode substrate integrated waveguide (SD-QMSIW) filtering power dividers (FPDs) have been presented. The proposed prototypes are capable of splitting/combining power and selecting frequency simultaneously. The SD-HMSIW and SD-QMSIW resonant cavities combine the features of compact size, high-quality factor, and low loss. To the best of author's knowledge, it is the first time employing the shielded SIW structure for FPD designs. The six prototype circuits with pure or hybrid SD-HMSIW/SD-QMSIW resonators are designed and fabricated to validate the proposed concept. Multilayered structures are implemented to minimize the dimensions of the FPDs further. Transmission zeros distributing near the operating passband are introduced by cross-coupling mechanism. Both measured and simulated results indicate that the proposed FPDs with the shielded SIW structures exhibit not only filtering performance, but also the good magnitude and phase imbalance characteristics in the operating frequency band.
I. INTRODUCTION
In recent years, the fifth generation (5G) has been developed rapidly to satisfy the huge increase in data traffic requirements. In consideration of propagation characteristics and available bandwidth, the 3.4-3.6 GHz and 4.8-5.0 GHz have been allocated as the 5G mobile communication spectrum in China since 2017 [1] - [3] . Filter and power divider are essential components in the 5G wireless communication systems. Among them, filter is applied to separate the desired frequency band while power divider is used to divide or combine signals. Conventional systems employ discrete devices to achieve these two functions, which result in large insertion loss and bulky size. Therefore, loss reduction and size
The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller. miniaturization are critical indicators that have great influence on the 5G entire system performance. Firstly, the prompt requirements in the 5G wireless communication systems with low cost and low loss performance are highly demanded. Secondly, massive multiple-input multiple-output (MIMO) techniques used in the 5G wireless communication systems demands a large amount of hardware. Large area will be an intractable problem in the 5G front-end modules. Reducing the footprints of the devices or adopting the multifunctional components are beneficial to improving the integration. In addition, applying high quality factor devices or employing the multifunctional components are contributed to decreasing the loss effectively.
Conventionally, microstrip resonators and substrate integrated waveguide resonators are usually employed on the filtering power divider design. The microstrip resonators are widely used due to their compact sizes and ease of fabrication in planar PCB process [4] - [6] . But the poor quality factor restricts the characteristics of filtering power divider. Recently, SIW has been proposed for its ease of integration with planar circuits while preserving the merits of low loss, low cost, high quality factor and high power-handling capability that conventional cavities possess [7] - [9] . Attributing to the features of the SIW resonators, several SIW power dividers have been developed [10] - [18] . Among them, some of them exhibit the frequency selective responses [14] - [18] . However, the footprints of conventional SIW resonators are still relatively large compared to the microstrip resonators, especially operating at less than 6 GHz. Some technologies in the previous literatures are utilized to decrease the dimensions of the FPDs at low microwave frequency band. In [17] , the complementary spilt-ring resonators (CSRRs) implemented at the surface of SIW cavity are utilized to minimize the geometry of filtering power divider. In [18] , quarter mode SIW cavities are employed to design FPD with compact sizes. However, the traditional half-mode SIW (HMSIW) or quarter-mode SIW (QMSIW) with open edge structures are easily influenced by external environment. In addition, the radiation loss will deteriorate the quality factor of the HMSIW or QMSIW cavities.
In this paper, a new class of FPDs with shielded HMSIW and QMSIW resonant cavities have been investigated and developed. The SD-HMSIW and SD-QMSIW resonant cavities exhibit miniaturized dimensions and possess high Q-factors compared to the conventional HMSIW and QMSIW resonant cavities, respectively. In addition, the proposed FPDs can be flexibly designed by adopting the various combinations of SD-HMSIW and SD-QMSIW resonant cavities. To the best of author's knowledge, the shielded SIW resonant cavities are firstly proposed to design the FPDs. Attributing to the characteristics of the SD-HMSIW and SD-QMSIW resonant cavities, six prototypes of FPDs with shielded SIW structures are designed, fabricated and measured, which exhibit compact size, low loss and multifunctional performance.
This paper is organized as follows: Section II analyses the characteristics of SD-HMSIW and SD-QMSIW cavities. Section III presents two-order FPDs employing pure SD-HMSIW or SD-QMSIW cavities and hybrid SD-HMSIW/QMSIW structures. Section IV exhibits three-order and four-order FPDs utilizing hybrid SD-HMSIW and SD-QMSIW cavities. Section V gives the discussions and analyses the fabrication tolerance or installation inaccuracy of the proposed hybrid SD-SIW FPD with multilayered structure. The conclusion is given in Section VI.
II. SHIELDED HMSIW AND QMSIW RESONANT CAVITY
The configurations of the conventional SIW cavity, HMSIW cavity, QMSIW cavity, SD-HMSIW cavity and SD-QMSIW cavity are shown in Fig. 1 . The field distributions in these the cavities resonating at the dominant mode TE 101 are also presented. Conventional HMSIW and QMSIW resonant 
where f TE101 is the resonant frequency of TE 101 mode, c is the velocity of light in vacuum, µ r and ε r are the relative permeability and relative permittivity of the dielectric substrate. a eff and b eff denote the edge lengths of the equivalent resonant cavity. ω represents the effect of fringing field of the equivalent magnetic walls. The unloaded quality factor (Q u ) is a critical indicator that demonstrates the power losses of the component. The dielectric quality factor (Q d ) denotes the energy dissipation in the dielectric substrate. The conductor quality factor (Q c ) denotes the losses owing to the currents flowing inside the metallic walls of the substrate. The radiation quality factor (Q r ) denotes the radiation losses. Therefore, the overall unloaded quality factor is determined by [19] :
In order to compare the Q u performance of the conventional SIW and shielded SIW structures, the components have been designed on the Rogers RT/Duriod 5880 dielectric substrate with a thickness of 0.508 mm, a dielectric constant of 2.2 and a loss tangent of 0.0009. The operating frequency of the SIW and shielded SIW resonant cavities is set at 4.8 GHz. All the simulations are accomplished by utilizing a full-wave simulation software high frequency structure simulator (HFSS), with the extracted unloaded quality factor listed in Table 1 . It can be found that the Q u of the SD-HMSIW and SD-QMSIW resonant cavities exhibits better performance compared to the conventional HMSIW and QMSIW resonant cavities, respectively. The improvement of Q u in the SD-HMSIW or SD-QMSIW resonant cavity is mainly attributed to the increase of the radiation quality factor Q r .
III. DESIGN OF THE FPDs WITH TWO-ORDER SHIELDED HMSIW OR QMSIW RESONANT CAVITIES
Based on the analysis of working principle and unloaded quality factors related to the shielded SIW resonant cavities mentioned above, the FPDs can be obtained by utilizing the pure/hybrid SD-HMSIW and SD-QMSIW resonant cavities. Four examples are implemented in this section.
A. TWO-ORDER FPDs WITH PURE SHIELDED HMSIW CAVITIES OR QMSIW CAVITIES
The prototypes of the FPDs with pure SD-HMSIW cavities or SD-QMSIW cavities are shown in Table 2 . The coupling topologies of the two-order FPDs are also depicted. The optimized dimensions (all in mm) of the SD-HMSIW FPD are W 50 = 1.54,
The simulated and measured results are illustrated in Table 2 . The measured insertion loss (IL) at the center frequency of 4.85 GHz is 0.9 dB after deducing the 0.4 dB loss of the end-launcher adapters. The 3-dB bandwidth of the FPD is 550 MHz. The measured return loss (RL) is better than 15 dB within the passband. The measured magnitude imbalance is below 0.34 dB while the measured phase imbalance is less than 2.2 degree.
Similarly, the pure SD-QMSIW resonant cavities can be used to design the power divider with bandpass frequency response. The geometry is shown in Table 2 . The optimized dimensions (all in mm) of the SD-QMSIW FPD are W 50 = 1.54, W 1 = 13.05, W c = 9.9, W g = 0.5,
The SD-QMSIW cavity connected to the feed line of port 1 is considered as the common cavity to divide input signal into two equal signals or combine two signals to output the sum signal.
The simulated and measured frequency responses are illustrated in Table 2 . The proposed FPD with pure SD-QMSIW resonant cavities is designed at a center frequency of 4.8 GHz and a 3-dB bandwidth of 1.3 GHz. The measured minimum insertion loss is 0.5 dB within the passband and the return loss is better than 15 dB. The measured magnitude imbalance is below 0.24 dB and the measured phase imbalance is less than 2.3 degree. Compared to the pure SD-HMSIW FPD, the pure SD-QMSIW FPD can obtain smaller footprints.
B. TWO-ORDER FPDs WITH HYBRID SD-HMSIW/QMSIW CAVITIES
Section III-A presents two two-order FPDs with pure SD-HMSIW or SD-QMSIW resonant cavities. In order to increase the design flexibility and diversity, the SD-HMSIW and SD-QMSIW resonant cavities can be combined to design the FPDs with hybrid structures. In addition, multilayered technique can be applied to reduce the footprints of FPDs further. Two cases of hybrid SD-HMSIW and SD-QMSIW FPDs have been demonstrated in this section.
The layout of two-order FPD with hybrid SD-HMSIW/ QMSIW resonant cavities in a single-layered PCB process has been presented in Fig. 2 . The coupling topology is shown in Fig. 3 . In order to minimize the footprints of FPD further, the multi-layered technique has been employed. The geometric configuration of two-order hybrid SD-HMSIW/QMSIW FPD with multi-layered structure is shown in Fig. 4 . The SD-HMSIW resonant cavity is placed on the upper substrate while the other two SD-QMSIW resonant cavities are placed on the lower substrate. Two coupling slots are located at the middle layer near the equivalent magnetic walls. The dimensions of the multilayered FPD are demonstrated in Table 3 .
The measured and simulated |S-parameters| are plotted in Fig. 5 . The multi-layered hybrid SD-SIW FPD is measured at the center frequency of 4.86 GHz with a 3-dB bandwidth of 490 MHz. The measured minimum insertion loss is 1.3 dB with return loss better than 18 dB. As Fig. 5 shows, the measured amplitude and phase differences in the passband are within 0.21 dB and 2 • , respectively. Compared to the singlelayered FPD structure, the proposed prototype demonstrates more compact size. It should be noted that the deviation between simulation and measurement may result from the manufacturing tolerance or installation inaccuracy.
IV. DESIGN OF THE FPDs WITH HIGHER-ORDER SHIELDED HMSIW/QMSIW RESONANT CAVITIES
Section III presents two-order FPDs with shielded SIW resonant cavities. The higher-order FPDs with hybrid SD-HMSIW and SD-QMSIW can be designed and implemented in this section based on the prototypes of two-order FPDs mentioned above.
A. HIGHER-ORDER HYBRID SD-HMSIW/QMSIW CAVITIES FPDs WITH DIRECT COUPLING
The geometric configurations of a three-order FPD and a four-order FPD with hybrid SD-HMSIW and SD-QMSIW resonant cavities are demonstrated in Table 4 . The coupling schemes are depicted as well. The corresponding dimensions (all in mm) of the three-order FPD with direct coupling are listed as follows:
The simulated and measured results of the three-order FPD with hybrid SD-HMSIW and SD-QMSIW resonant cavities with direct coupling are demonstrated in Table 4 . The measured center frequency is 4.8 GHz, with a fractional bandwidth of 12.5%. The measured minimum insertion loss is 1.4 dB and the return loss is better than 12.7 dB. The measured amplitude and phase differences in the passband are within 0.27 dB and 1.9 • , respectively. The four-order FPD with Chebyshev frequency response can be considered as an extension of two-order and three-order hybrid SD-SIW FPDs in the previous design. The coupling topology of the four-order FPD is shown in Table 4 . Node 1 stands for an SD-HMSIW resonant cavity. Nodes 2 to 4 and nodes 2' to 4' denote SD-QMSIW resonant cavities. The dimensions (all in mm) of the four-order FPD with direct coupling mechanism are W 1 = 15, W 2 = 14.8, W 3 = 14.9, W 4 = 15.5, W c1 = 9.9, W c2 = 9.9,W c3 = 9.9, W g = 0.5,
The simulated and measured results of the four-order FPD with direct coupling exhibits a 3-dB bandwidth of 750 MHz frequency response centered at 4.8 GHz. The insertion loss and return loss of the filter at the center frequency is measured at 1.8 dB and 13.2 dB, respectively. The measured amplitude and phase differences in the passband are within 0.29 dB and 2 • , individually. Similarly, the filtering power divider can be extended to five order, six order or even higher order structures.
B. HIGHER-ORDER HYBRID SD-HMSIW/QMSIW CAVITIES FPD WITH CROSS COUPLING
The previously proposed FPDs with direct coupling exhibit Chebyshev frequency responses without transmission zeros (TZs) introducing near the passband. In this case, a fourorder hybrid SD-HMSIW/QMSIW FPD with two TZs is proposed by employing the cross coupling mechanism and multi-layered structure. The geometric configuration of the VOLUME 7, 2019 four-order hybrid SD-HMSIW/QMSIW FPD is presented in Fig. 6 . A common SD-HMSIW resonant cavity and two SD-QMSIW resonant cavities are located at the upper substrate while the other two SD-QMSIW cavities are placed at the lower substrate. The SD-HMSIW and SD-QMSIW resonant cavities at different substrates are vertically coupled through coupling apertures in the middle metal layer. The coupling mechanism is shown in Fig. 7 . Owing to this cross-coupling topology, two transmission zeros are generated in the vicinity of the passband. The design parameters of the FPD is obtained based on simulation optimization in Table 5 .
The proposed four-order hybrid SD-HMSIW/QMSIW FPD with cross coupling is designed and fabricated on two layers of Rogers RT/Duriod 5880 with a thickness of 0.508mm. The simulated and measured frequency responses are illustrated in Fig. 8 . The measured passband is centered at 4.82 GHz with a 3-dB bandwidth of 560 MHz. Two transmission zeros are located at 4.15 and 5.48 GHz, respectively. The measured minimum insertion loss is 2.0 dB within the passband and the return loss is better than 13 dB. Compared to the four-order single-layered structure with Chebyshev frequency response, the footprints of the proposed FPD in a multi-layered PCB process have been reduced by at least a half. In addition, the selectivity of multilayered FPD with cross coupling is enhanced attributing to the two transmission zeros near the passband. 
V. DISCUSSIONS
In the Section III and Section IV, six proposed FPDs were designed and fabricated for demonstration. Good agreements between measurement and simulation can be obtained and the validity of the proposed design method is verified for wideband and narrowband applications. The comparison between previous published literatures has been shown in Table 6 . It can be found that the work-1 exhibits broader bandwidth than other literatures in Table 6 . Moreover, the work-2 presents more transmission zeros near the operating passband than other works. It also presents the merits of wide bandwidth and compact footprints.
For the analysis of manufacturing sensitivity and installation tolerance, the frequency responses versus the critical dimensions of four-order hybrid SD-HMSIW/SD-QMSIW FPD in a multilayered PCB process has been shown in Fig. 9 . When W s2 increases, the transmission zero near the left VOLUME 7, 2019 passband becomes deeper. In addition, the transmission zero at the right passband moves to the operating passband gradually. Moreover, the bandwidth of the passband becomes a little narrower as W s2 gets larger. It can be found that the W s2 of the fabricated and installed prototype may be smaller than the simulated one. It is estimated that the discrepancies between simulated and measured results exist attributing to the fabrication and installation inaccuracy of the coupling apertures between resonator 1 and 4.
VI. CONCLUSION
In this paper, a new class of FPDs employing the shielded SIW resonant cavities have been proposed. The shielded HMSIW and QMSIW resonant cavities exhibit high quality factor and low loss compared to the conventional HMSIW and QMSIW cavities. In addition, the multilayered technique has been applied to minimize the footprints of the shielded SIW FPDs further. The proposed shielded SIW FPDs demonstrate flexible design in the combinations of SD-HMSIW and SD-QMSIW resonant cavities with pure or hybrid topologies. Attributing to the advantages mentioned above, the proposed FPDs with shielded SIW structures can be the potential candidates for 5G wireless communication system applications.
